The main branched hydrocarbons in naphtha are isomeric hydrocarbons, cyclo-paraffins and aromatics. The naphthenic base naphtha has a high content of cyclo-paraffins while aryl naphtha has a correspondingly high content of aromatics. The work described in this paper investigates the influence of each type of principal branched hydrocarbon in naphtha on the adsorption kinetics of n-hexane in 5A molecular sieves at 283 K, 303 K and 323 K, respectively. The results obtained indicate that the effect of the solvent on the adsorption rate decreased in the sequence toluene > methyl cyclohexane > iso-octane. The apparent diffusivity coefficients and the apparent diffusional activation energies for the adsorption of n-hexane in 5A molecular sieves in the presence of different solvents were obtained by fitting the data to the kinetic model and the Arrhenius expression. The results indicate that the paraffin base naphtha is the most suitable feed for the adsorption separation of n-paraffins from branched hydrocarbons employing 5A molecular sieves. The kinetic data could also help to predict the adsorption behaviour in the adsorption bed when different kinds of naphtha are employed as the feed.
INTRODUCTION
With the increasing application of zeolites both in catalysis and selective adsorption processes, the investigation of the adsorption kinetics has become a subject of major research, with the study of the diffusion and adsorption kinetics in these microporous materials assuming considerable significance. In all such applications, the diffusion properties of n-paraffins in 5A zeolite are key parameters as they directly influence the productivity, viz. the size of the unit and the operating costs (Jobic et al. 2003) . This fact is also evident from the developments in the experimental techniques for measuring diffusivity (Awum et al. 1988) . Most of the available data on the diffusivity of n-paraffins were reported by Barrer and Peterson (1964) .
Studies reported on liquid-phase adsorption have shown that the adsorption rates are significantly dependent on the nature of the non-adsorbing solvent and other adsorbable compounds present in trace amounts (Caro et al. 1980) . Jasra and Bhat (1987a,b) have found that the movement of higher paraffin molecules through zeolite A cages is hindered even in the presence of trace amounts of pre-adsorbed water (Karger et al. 1973) . The adsorption diffusion coefficients of several n-paraffins in 5A zeolites with different crystal sizes also show unreasonable crystal size dependencies (Jasra and Bhat 1987a).
One of the applications of 5A zeolite is in the separation of n-paraffins from naphtha and other hydrocarbon feed stocks (Jasra and Bhat 1987b) . Different kinds of feed have different compositions which would have different influences on the diffusional properties of n-paraffins in 5A zeolite. Polar compounds present in the feed stocks are known to affect the performance of these zeolites. Most studies have been confined to pre-adsorbed compounds sorbed into the zeolite pores. However, Choudary et al. (1992) reported that small amounts of phenol, benzyl alcohol, cyclohexyl alcohol and pyridine, which cannot enter the zeolite cavities, also cause substantial decreases in the rate of adsorption of n-dodecane in 5A molecular sieves.
This paper reports an investigation of the adsorption kinetics of n-hexane in 5A molecular sieves employing iso-octane, methyl cyclohexane and toluene as the solvents, these being the representative components of the main branching groups in naphtha. The influence of different kinds of solvents on the adsorption rate was deduced from the kinetic data, thereby allowing a suitable feed for the adsorption separation process to be established. Such influences have been expressed in terms of the apparent diffusivity coefficient and the apparent diffusional activation energy.
EXPERIMENTAL

Materials and reagents
The 5A zeolite sample (pellets with a mean diameter of 4 mm) used in these studies was obtained from UOP (Shanghai, P. R. China), the crystal morphology of the sample as obtained via a JSM-6360LV scanning electronic microscope (JEOL, Japan) being shown in Figure 1 . The radius of the crystals depicted in the micrograph shown was 2.2 µm. n-Hexane, iso-octane, methyl cyclohexane and toluene (all of > 99% purity) were obtained from the Sinopharm Chemical Reagent Co., Ltd., Shanghai, P. R. China.
Procedure
The sample of 5A zeolite was activated by heating at 723 K for 5 h, then cooled and stored in a vacuum desiccator prior to subsequent use. A know volume of a n-paraffin/solvent solution of known composition was injected into a glass vessel which was placed in a constant temperature water bath whose temperature could be maintained to ± 0.05 K. A known weight (ca. 5 g) of the 5A zeolites was then added quickly to the vessel. The vessel was sealed and vigorously shaken to dissipate the heat and overcome any surface film effects during adsorption. The mixture was sampled at regular time intervals using a micro-syringe and the concentration of n-paraffin determined by gas chromatography employing a GC-920 instrument (Shanghai Huaai Chromatograph Analysis Co., Ltd., P. R. China) fitted with an FID detector and a PONA column (0.3 mm i.d. × 20 m) using high-purity nitrogen as the carrier gas.
The amount of n-hexane adsorbed was calculated via the following equation:
( 1) where Q t is the amount of n-paraffin adsorbed onto the zeolite (g n-hexane/100 g zeolite), X 0 is the initial concentration of n-hexane (wt%), X is the concentration of n-hexane at time t (wt%), m z is the weight of zeolite employed (g) and m s is the weight of solution (g).
RESULTS AND DISCUSSION
Influence of different solvents on the adsorption uptake curve
The adsorption uptake curves for n-hexane onto 5A zeolite employing iso-octane, methyl cyclohexane and toluene as the solvents at 283 K, 303 K and 323 K, respectively, are shown in Figure 2 . These curves show differences in the adsorption rate and in the time necessary to achieve equilibrium. Thus, when toluene was the solvent, the adsorption rate observed was slower than that for the other two solvents employed. It can also be seen that when n-hexane was adsorbed in 5A zeolite with iso-octane or cyclohexane as the solvent, equilibrium was attained more rapidly than when toluene was the solvent. Equilibrium was achieved in the latter case but after a longer time interval. Of the three kinds of solvent studied, toluene exhibited the largest effect on the adsorption rate, while the influence of iso-octane was the smallest. This indicates that when aryl naphtha is employed as the feed to the adsorption bed, the adsorption rate should be lower and the mass-transfer stage longer than when the paraffin base or the naphthenic base naphtha is taken as the feed. The detailed kinetic data for the three solvents studied at 323 K are listed in Table 1 . When iso-octane was employed as the solvent, equilibrium was attained in ca. 180 min, with the amount of n-hexane adsorbed being 8.93 g/g. However, when toluene was taken as the solvent, the amount of n-hexane adsorbed within 200 min was 8.07 g/g, but equilibrium had not been reached even after this time. This indicates that the choice of solvent, including aromatics such as toluene, could prolong the equilibrium time.
Influence of different solvents on the diffusivity coefficient
The adsorption curves for zeolitic adsorbents are generally studied experimentally by subjecting a sample of zeolite of known weight to a differential change in the adsorbate concentration. The uptake curves are commonly interpreted by comparison with standard solutions of the Fickian diffusion equations. If it is assumed that a sample of zeolite crystals can be treated as an assemblage of uniform spheres of radius a, the relevant Fick equation is:
(2) where q = adsorbate concentration, t = time, r = radial coordinate and D c = apparent diffusivity.
This equation can be simplified to the following equation if the diffusivity is constant:
Even if the diffusivity is concentration-dependent, the assumption of a constant diffusivity is still an acceptable approximation if the uptake curve is measured over a small differential change in the concentration of the adsorbed phase. If the quantity of adsorbate sorbed or desorbed is not negligible compared with the quantity introduced or removed from the ambient fluid phase, the adsorbate concentration in the fluid will not remain constant after the initial step, which will give rise to a time-dependent boundary condition at the surface of the adsorbent particle. The solution for the uptake curve then becomes where p n is given by the non-zero roots of: (5) where Λ = (C 0 -C ∞ )/C 0 which is the fraction of the sorbate ultimately adsorbed by the adsorbent. The experimental plots and theoretical uptake curves calculated according to equations (4) and (5) are depicted in Figure 3 . In this study, Λ possessed different values for the different adsorption processes. In addition, the difference in the Λ values was small, so that when plotted in terms of D e t/r 2 the adsorption curves for different Λ values were formally identical. The apparent diffusivity coefficients thus obtained are listed in Table 2 . These data show that, at the same temperature, when toluene was employed as the solvent, the apparent diffusivity coefficient of n-hexane in the 5A zeolite was ca. one-half of that when iso-octane was the solvent. The difference between the apparent diffusivity coefficients was small when cyclohexane and iso-octane were used as solvents. Hence, it can be predicted that the mass-transfer rate would be much slower when the feed includes a high content of aromatics. 
Influence of different solvents on the activation energy
For activated diffusion, the temperature dependence of D is given by the Arrhenius expression:
where DЈ is the pre-exponential factor (m/s), E is the apparent activation energy for the diffusion process (kJ/mol) and R is the gas constant. A summary of the experimental values obtained for the activation energy by fitting the data to equation (6) is given in Table 3 . It will be seen from the data listed that the apparent diffusional activation energy for the adsorption of n-hexane onto 5A zeolite employing iso-octane as the solvent was 17.00 kJ/mol, with the corresponding values employing methyl cyclohexane or toluene as the solvent being, respectively, 1.02 kJ/mol and 7.32 kJ/mol higher. This indicates that a higher resistance towards the diffusion of n-hexane into the 5A zeolite was generated when aromatics were employed as solvents. From the above, it therefore follows that the most suitable feed for the separation of n-paraffins from branched hydrocarbons in the adsorption bed is the paraffin base, naphtha. Silva and Rodrigues (1997) demonstrated that a diffusional control mechanism applies during the adsorption of n-paraffin onto 5A zeolite, with the effect of solvents on the adsorption uptake and diffusivity appearing to be due to a surface barrier effect. Other potential factors such as intercrystalline transport and bulk diffusion were eliminated by the use of constant stirring. Because of the existence of π-electrons in the aromatic ring, the interaction of the external surface of the zeolite is stronger with aromatic molecules than with n-hexane molecules. Consequently, aromatic solvent molecules would be expected to be preferentially adsorbed onto the external surface, forming a layer which could act as a barrier to the diffusion of the adsorbate molecules into the zeolite pores (Karger et al. 1973) .
Analysis of mechanism
The data reported above also show that methyl cyclohexane had only a small influence on the diffusivity of n-hexane in 5A zeolite pores, possibly because the weak polarity of the methyl cyclohexane molecule leads to its preferential adsorption on the external surface of the zeolite. Because the iso-octane molecule exhibits very little polarity, its influence on the diffusivity of n-hexane was negligible. . Data points relate to the following solvents: , iso-octane; ᭹, methyl cyclohexane; ᭡, toluene. 
CONCLUSIONS
The rates and kinetics of n-hexane adsorption onto 5A molecular sieves from the liquid phase have been studied. The results obtained show that aromatics exhibited the greatest influence on the adsorption rate and diffusivity of n-hexane in 5A molecular sieves. The influence of different solvents on the diffusivity coefficient and the apparent activation energy of n-hexane onto 5A molecular sieves was also examined, the results obtained indicating that the apparent diffusivity coefficient in the presence of toluene as the solvent was ca. one-half of that observed when iso-octane was the solvent, with the activation energy being greater than that observed for both iso-octane and methyl cyclohexane as solvents. The above kinetic data predict that, in order to separate n-paraffins from branched hydrocarbons in the adsorption bed, employing aryl naphtha as the feed would lead to a slower adsorption rate and a longer mass-transfer section in the bed than when paraffin base naphtha was taken as the feed. Hence, paraffin base naphtha was found to be the most suitable feed for the adsorption separation process in the adsorption bed.
